[1] Early and Mid-Pleistocene climate, ocean hydrography and ice sheet dynamics have been reconstructed using a high-resolution data set (planktonic and benthic d
Introduction
[2] The so-called "Mid-Pleistocene Transition" (MPT) is defined as the period in which the climatic cyclicity shifted from the $41-kyr cycles, related to obliquity, to the $100-kyr cycles, related to eccentricity [Berger and Jansen, 1994] . During the "41-kyr world," continental ice sheets were reduced in size and glacial periods milder compared to those during the "100-kyr world" [Clark et al., 2006] , which led to dramatic reorganizations in the global climatic system. Records from Northern Hemisphere and time series modeling document the glacial expansion during this period [Barendregt and Irving, 1998; Heslop et al., 2002; Maslin and Ridgwell, 2005; Mudelsee and Stattegger, 1997; Muttoni et al., 2003; Prell, 1982] and its impact on global climate and ocean circulation [Ferretti et al., 2005; McClymont et al., 2008; Raymo et al., 1997 Raymo et al., , 2004 Schmieder et al., 2000] . A precise knowledge of this period of global reorganization is essential for the better understanding of the Pleistocene climate evolution in a broader context.
[3] One of the most intriguing questions is whether orbital and suborbital climate variability was exclusive of Late Pleistocene records [e.g., Bond et al., 1992 Bond et al., , 1997 Cortijo et al., 2000; Elliot et al., 1998; Oppo et al., 1998; Shackleton et al., 2000; Siddall et al., 2006] , or were also present in older sedimentary sequences. For this purpose, scientific ocean drilling community has concentrated its attention on sediment drifts, which provide ideal long cores with highsedimentation rates for paleoclimatic and paleoceanographic research. After the pioneering studies of McManus et al. [1999] that related the millennial-scale climate oscillations observed at Site 980 during the last 500 kyr with instabilities associated to excess ice, various studies have addressed millennial climate variability over the last million years. A 124-kyr record of benthic and planktonic stable isotopes led Ferretti et al. [2010] to conclude that high-frequency climate oscillations at Site U1313 correspond to harmonics of the precession cycles. High-resolution studies at Site 983 reported by Kleiven et al. [2003 Kleiven et al. [ , 2011 established that millennial-scale events of poor ventilation during ice sheet decay events and the release of meltwater to the North Atlantic were a persistent feature during the Mid-Pleistocene. Hodell et al. [2008] found frequent millennial-scale IRD fluctuations reflected by Si/Sr peaks at Site U1308, related to climate-driven changes in the mass balance of ice sheets. In addition, several authors have observed similar millennial-scale climate instability in the North Atlantic during the Pliocene epoch [e.g., Bartoli et al., 2006; Bolton et al., 2010; Hayashi et al., 2010; McIntyre et al., 2001; Niemitz and Billups, 2005; Ortiz et al., 1999] .
[4] All these observations suggest that some boundary conditions associated with millennial-climate scale variability were already surpassed before the establishment of the 100-kyr cycles from the Late Pleistocene. The mechanism triggering these millennial-scale instabilities is still controversial, but several studies point toward a low-latitude insolation origin, through ocean-atmosphere-ice sheet coupling, that would explain the presence of these fluctuations before the establishment of high-amplitude 100-kyr glacial cycles [Hagelberg et al., 1994; McIntyre and Molfino, 1996; Short et al., 1991; Weirauch et al., 2008] .
[5] Most of these studies, however, were mainly based on stable isotope or ice-rafted debris (IRD) records. In order to offer new insights we performed an integrated study based on high resolution records of different proxies such as icerafted debris (IRD), faunal-based sea surface temperatures (SST) reconstructions and d
18 O benthic and planktonic records that revealed the occurrence of precession harmonics in the North Atlantic before the MPT. The combination of SST and planktonic d
18
O records that were used as proxies for sea surface circulation in the North Atlantic, changes of IRD mainly linked to ice sheet instabilities and the benthic d
18 O variations associated to deep-water circulation allowed us to reconstruct a unique record of the interaction between ice sheet dynamics and climate change in the North Atlantic for the time period between 1069 and 779 ka. Location of Site U1314, close to the IRD belt and within the main core of the North Atlantic Deep Water (NADW), makes it sensitive to changes in the mass balance of continental ice sheets from North Atlantic, and the high sedimentation rates of the Gardar Drift allows to establish a detailed record of climate and ocean variability at orbital and suborbital timescales. Here we investigate the behavior of the climate system in the subpolar North Atlantic in relation with insolation changes in the Equator, through coupling of the ocean, the atmosphere, and ice sheets on the suborbital scale.
Regional Settings
[6] IODP Site U1314 (2820 m) was cored by the D/V JOIDES Resolution in the southern Gardar Drift, in the subpolar North Atlantic (56.36 N, 27 .88 W) during IODP Expedition 306 (Figure 1 ). This site is located inside the subpolar gyre, in the path of an extension of the North Atlantic Current (NAC). Today, as during interglacial periods, the warm NAC carries heat and moisture toward the pole. Between 53 N and 60 N, Irminger current (IC) splits from the NAC and turns toward the Greenland coast mixing with the cold East Greenland Current (EGC), which then mixes with the Labrador Current (LC) westward. The main NAC flows into Greenland-Iceland-Norwegian (GIN) Seas, where is cooled, increasing its density [Krauss, 1986; Schmitz and McCartney, 1993] . Winter convection of the cooled Atlantic surface waters results in the formation of North Atlantic Deep Water (NADW), which flows southward as the Iceland-Scotland Overflow Water (ISOW) (Figure 1 ). This water mass bathes Site U1314 and control sedimentation over the Gardar Drift [Bianchi and McCave, 2000] .
[7] Site U1314 is seasonally affected by the southward extension of the Arctic Front (AF), which marks the maximum extent of winter sea-ice [Swift and Aagaard, 1981] and is the boundary between the cold arctic waters of the EGC and the warm Atlantic waters of the NAC. Lying south of the AF, seasonal SSTs mean value of _12 C and salinity of 35 ‰, while at northern latitudes, within the arctic domain, temperatures are <À1 C, 30-33‰ [Conkright et al., 1998 ]. Although today AF lies north of Site U1314, it is known to have migrated southward during glacials of the Pleistocene bringing much cooler waters and potentially also sea-ice south of 60 N [Ruddiman, 1977; Wright and Flower, 2002] .
Material and Methods
[8] Early and Mid-Pleistocene sediments at Site U1314 consist predominantly of biogenic oozes with varying proportion of calcareous (e.g., nannofossils and foraminifers) and siliceous organisms (e.g., diatoms and radiolarians) and lower content of terrigenous components, such as quartz, volcanic material and clay. More detailed core description is given in Site U1314 summary [Channell et al., 2006] .
[9] Samples from Site U1314 were taken every 4 cm between the 60 to 84.16 m composite depth (mcd). Each sample was wet sieved with distilled water over a 63 mm mesh and both coarse and fine fractions recovered, dried at 40 C and weighed. Later, the sample was dry sieved into two fractions, 63-150 mm and >150 mm. The relative abundance of planktonic foraminifer and the coarse-grained ice-rafted debris per gram (IRD/g) were determined by examination of the >150 mm size fraction.
[10] Full census counts were completed for every other sample. Each sample was split to about 400 planktonic foraminifers, then species of planktonic and benthic foraminifers, as well as mineral grains, ash, lithic fragments, radiolarians, ostracodes and planktonic foraminifer fragments were counted under a binocular microscope, and relative percentages and particle/individuals per gram were calculated. The planktonic foraminifer fauna is characterized by polar, subpolar and transitional species. The dominant species are Neogloboquadrina pachyderma sinistrorsa (sin.), Neogloboquadrina pachyderma dextrorsa (dex.), Globigerina bulloides, Globorotalia inflata and Turborotalita quinqueloba. Based on these counts we performed a sea surface temperature estimation by running a transfer function based on a back propagation artificial neural network (ANN) [Malmgren et al., 2001 ] trained on the North Atlantic MARGO Project data set [Kucera et al., 2005] . Additionally, we applied a Modern Analog Technique (MAT) [Prell, 1985] to the faunal counts with the same modern data set. For the ANN, a set of ten neural networks was considered, and thus ten different mean annual temperatures were obtained. The average of these 10 temperatures is the final value used for the reconstruction. Standard deviation (StDev) of the ten networks reflects how well the sample is represented in the calibration data set. For the MAT, we applied a set of ten modern analogues and calculated a similarity index.
[11] Benthic stable isotope analyses were carried on Cibicidoides spp. (mainly C. wuellerstorfi and occasionally C. pachyderma), an epifaunal benthic foraminifer species. One to eight tests of Cibicidoides were picked from the >250 mm size fraction and one to eight individuals were used for isotopic analysis. When this species was absent, we picked specimens of Melonis pompilioides from the same size fraction to produce a continuous signal. M. pompilioides is a mid-depth infaunal species [Corliss, 1985 [Corliss, , 1991 Duplessy et al., 1984; McCorkle et al., 1990] and stable isotope results based on this species should be carefully interpreted. In order to construct a continuous isotope record from both species, we calculated the mean difference between both species in 74 samples covering the 1069 to 400 ka period [Alonso-Garcia et al., 2011; this study] . The StDev between offsets was 0.52 for the carbon and 0.12 for the oxygen. The average difference is À0.11‰ for the oxygen and +0.6‰ for the carbon isotopes, which is similar to the isotope adjustment factors calculated by Shackleton and Hall [1984] . This adjustment factor was then applied to the M. pompilioides isotope values to produce a continuous isotope data set. The final d
18 O curve resembles those at other North Atlantic locations, like ODP Sites 980 and 983 [Flower et al., 2000; Kleiven et al., 2003; Raymo et al., 2004] , and IODP Site U1308 [Hodell et al., 2008] , and therefore validate the use of M. pompilioides at our Site (Figure 2 ). For the surface water record, we chose to analyze Neogloboquadrina pachyderma sin., because this species is present throughout the studied section. A minimum of 15 specimens from the size range between 150 and 250 mm were picked.
[12] Benthic and planktonic specimens of each sample were crushed, ultrasonicated and cleaned with methanol before the isotopic analyses. Benthic and planktonic foraminifer stable isotope analyses were carried out in a Finnigan MAT 252 mass spectrometer at the University of Barcelona. Calibration to the Vienna Pee Dee Belemnite (VPDB) standard scale [Coplen, 1996] Table 2 ). Modern surface (red), and deep circulation (blue) in the North Atlantic [Krauss, 1986; Schmitz and McCartney, 1993] time-slice from MIS 31 to 26 (1069-950 ka), we applied a power spectral methodology to five different time series; benthic and planktonic oxygen record, IRD/g and faunalbased SST estimations. Standard time series analysis for these records was carried out using the Lomb periodogram algorithm from the REDFIT module included in PAST program [Hammer et al., 2001] . More significant frequencies were determined using the 99%, 95% and the 90% falsealarm levels from a chi-square distribution.
Age Model
[14] We converted depth to age matching the distinct glacial and interglacial periods in Site U1314 according to the benthic d
18 O record with their temporal equivalent in the orbitally tuned benthic isotope stack of Lisiecki and Raymo [2005] (hereinafter referred to as LR04) by using AnalySeries 2.0 software [Paillard and Yiou, 1996] . Two magnetostratigraphic events corroborate the age model: the BrunhesMatuyama boundary (780 ka) was identified at 60 mcd in Site U1314 [Channell et al., 2006] and correlates to MIS 19 in the oxygen isotopic record (Figure 2) . However, the age of the Brunhes-Matuyama transition is still controversial depending on the method used to measure the mean point of the transition [Channell et al., 2010] . The top of the Jaramillo (990 ka) was placed at 77.7 mcd and correlates with MIS 27.
[15] The final age model for the 24.16 m studied section spans an interval of $290 kyr through the Early and MidPleistocene based on 13 stratigraphic tie points (Table 1) , yielding a temporal resolution of $0.5 kyr. In between the tie points, sedimentation rates were assumed constant and the ages were deduced by linear interpolation. The orbitally tuned age model and corresponding linear sedimentation rates are shown in Figure 2 . The resulting sedimentation rates are moderately high (average 9.3 cm/kyr) and differ largely between glacial (1.15 cm/kyr) and interglacial (up to 27 cm/kyr), intervals indicating enhanced the Gardar Drift growth during intervals of warmer climate. According to our geochronology, the average age resolution is of 230 years per sample (range: $70 to 600 years) and 1140 years (range: $365 to 3000 years) for sample interval. The d 18 O records from sites 980, 983, U1313 and U1308 (Table 2) are all plotted versus age in Figure 3 , using their respective original chronologies in order to see the similarity between the age 
Results

Oxygen Isotopes
[16] The benthic oxygen isotope record from Site U1314 tuned to LR04 time scale spans six different climate cycles G-IG cycles (from MIS 31 to MIS 19) ( Figure 2 (Figures 4b and 4c) . A clear example is the four abrupt cooling events that interrupted the warm MIS 21 period, with fluctuations in the planktonic record that exceed 1‰ (Figure 4c ). Also it is noticeable that no large IRD peaks occur when benthic d
18 O is less than 3.5‰; these periods are characterized by a relative stability without any major IRD discharge event (Figure 4f ). [Flower et al., 2000] ; (e) 983 [Kleiven et al., 2003] ; (f) U1308 [Hodell et al., 2008] ; and (g) U1313 [Ferretti et al., 2010] . Vertical dashed gray lines join equivalent millennial-climate events in the North Atlantic sites. Marine Isotope Stages (MIS) are shown at the top (glacials in blue, and vertical blue bars, and interglacials in black). Terminations are indicated with roman numbers from XI to IX. (Figure 4d ). The generalized low StDev values and the similarity index over 0.7 (Figure 4e ), indicate that the studied samples are well represented in the modern data set and the SST estimates provide a faithful trend reconstruction, supported by the similarity of the curves to that of the planktonic d 18 O record. Only a few samples from ANN reconstructions are affected by no-analog situations, as indicated by ANN StDev larger than 1s [Kucera et al., 2005] . These no-analog situations occur within temperate intervals, when planktonic foraminifer assemblage is dominated by N. pachyderma sin. and G. inflata, with low percentages of N. pachyderma dex., an unusual assemblage with no present-day analog in the MARGO Atlantic database.
[18] SST estimates range between 17.1 and 2.3 C. Modern SST values for Site U1314 at 10 m depth are around 12 C [Locarnini et al., 2006] , which is in the range of the mean summer SST from ANN and MAT techniques for the interglacial periods before MIS 26, but considerably lower, by more than 4 C, after MIS 25 (Figure 4d ). Although the minimum SST does not vary considerably throughout the studied section, slightly colder temperatures are recorded at glacial maxima of MIS 22 and 20. Paleotemperature estimates indicate that G-IG variability shifted to higher amplitude changes after MIS 25, ranging between 4 and 12 C. Moreover, frequent SST oscillations are seen on short timescales throughout the MIS 31 to MIS 19 interval, SST minima always coinciding with IRD discharges. 
Ice-Rafted Debris
[19] IRD were deposited at Gardar Drift mainly during glacial cycles (i.e., MIS 20, 22, 24, 26, 28 (Figures 5c and 5e) . We also observe a steady rise in the magnitude of the IRD events toward more recent stages. In contrast, little IRD input occurs during the peak interglacial maxima of MIS 19, 21, 23, 25, 27 and 29, although several IRD are located at cooler interglacial sub-stages, such as within MIS 21, 27 and 29 (Figure 4f) . A notable increase in the glacial input of ice-rafted material occurred at Site U1314 since MIS 24 ($930 ka). The input of ice-rafted terrigenous material during this glacial period and the following glaciations was higher and lasted longer when compared to the previous glacial intervals e.g., MIS 26-30. Maximum IRD input occurs during MIS 20 made up of two distinct peaks (at 794 and 798 ka), that reached accumulations of about 18,000 particles cm À2 kyr
À1
. The icerafted debris is mainly composed of quartz and volcanic glass, as well as lithic grains of volcanic, plutonic and metamorphic rocks. Overall, peaks in quartz occur together to high amounts of volcanic glass No detrital carbonate was observed in the coarse fraction.
Time Series Analysis
[20] The observed high-frequency climate events in the IRD, SST and planktonic d the IRD/g record is 'clipped' (nonzero values with only positive excursions above the mean), high frequency variability can be an artifact of the sharp transitions introduced by the clipping [Hagelberg et al., 1994] . In order to isolate the higher frequencies, the IRD data were high-pass filtered to exclude the lower frequencies associated with the Milankovitch band (Figure 6a ). We observe significant highfrequency oscillations at periods shorter than precession, and 18 O. Spectra were calculated using the Lomb periodogram method with Welch taper. The green lines respectively indicate the 99%, 95% and the 90% false-alarm levels from a chi-square distribution. The red line indicates the AR(1) theoretical red-noise spectrum. Peaks exceeding the false-alarm level indicate non-AR(1) components in a time series, being considered significant, and labeled by period in kyr. The spectrums were obtained by a REDFIT module included in PAST program [Hammer et al., 2001] .
hence validate the results obtained in the spectral analyses (Figure 6d) .
[21] Results show dominant periodicities on orbital and suborbital timescales (Figures 6b-6e) . The IRD and the planktonic d
18 O lack long-term orbital frequencies of 100 and 41-kyr, and show pronounced spectral peaks at 23 and 10-kyr. The SST signal contains two peaks at 15 and 10-kyr. We also performed spectral analyses on the benthic d
18 O record, which shows longer-frequency 40 and 20-kyr peaks (Figure 6f ).
Discussion
[22] The MPT, the period between 940 and 900 ka (MIS 25-23), has been associated with a global increase in icevolume related to a major change in frequency of the climate cycles that evolved from 41-kyr to 100-kyr [e.g., Mudelsee and Stattegger, 1997; Mudelsee and Schulz, 1997; Pisias and Moore, 1981; Prell, 1982] . This bifurcation in the climate system is clearly seen in the benthic d
18 O record at Site U1314 along with other proxies (Figure 4b ), and reflects a shifting environment toward more extreme glacial conditions and greater G-IG contrast that characterizes the Earth's climate during the Late Pleistocene. Due to the changing structure of climate cycles during the MPT, we have divided our studied interval into two different time-slices in order to discuss the millennial-scale climate oscillations in the North Atlantic.
Period Between MIS 31 and MIS 26: Low Amplitude, Obliquity and Precession-Driven G-IG Variability
[23] This period immediately predates the onset of the high amplitude 100-kyr G-IG cycles that characterizes climate changes during the Late Pleistocene [Imbrie et al., 1993] . Whereas ice sheet dynamics as recorded by the benthic d
18 O values is mainly driven by precession and obliquity, hydrographic changes of North Atlantic surface waters typically display a suborbital variability dominated by a 10-kyr period (Figures 5c-5e ). Glacial stages depict a symmetrical pattern, with similar gradual patterns of glacial growth and deglaciations (Figure 5b) .
[24] Based on the high abundance of quartz in the IRD layers at Site U1314, we proposed Scandinavian and Greenland ice sheets as sources for these detrital grains [Grousset et al., 1993] . The presence of volcanic materials implies input from the Icelandic area. Since the largest sandsized shards cannot be transported by wind, they must be ice-rafted [Grousset et al., 1993; Ruddiman and Glover, 1972] . The absence of detrital carbonate in the coarse fraction samples discards any partial input from Canadian icebergs to Site U1314 before 779 ka, as demonstrated by Hodell et al. [2008] for Site U1308. However, in our study is difficult to assess this only based in coarse lithic grains, and more accurate analysis are needed to confirm our results.
[25] SST at Site U1314 cyclically vary between high (14 C) and low temperatures (10-4 C), leading to nine millennial-scale climate cycles paced every 10-kyr (Figure 5d ). Observed surface water variations with millennial-scale shifts between warmer and colder conditions suggest highfrequency changes in the positioning of the AF. This observation would be consistent with the presence of relatively cool and fresh arctic surface waters, with seasonal sea-ice cover [Sarnthein et al., 2003] . Each of these cycles starts with an abrupt warming event that is followed by gradual and progressive cooling to culminate with an event of iceberg discharge at the time of maximum cooling or the ensuing prominent warming. As has been proposed for climate oscillations in MIS 3, IRD events can be linked with iceberg discharges associated with episodes of ice sheet advance toward the coastline at times of maximum cooling [Marshall and Koutnik, 2006] , whereas the ensuing warming events are related to minor episodes of ice sheet retreat that can be seen in other records all over the North Atlantic (Figures 3c-3g) . In particular, some of the most prominent millennial-scale warmings and the associated IRD events that precede them are clearly linked to ice sheet decay and global decreases in ice-volume as they coincide with deglaciations at transitions between MIS 30/29, MIS 28/27, and the large deglaciation at Termination XI, between MIS 26/25 (Figures 5b-5e) , that is the most prominent IRD event and signal the onset of the 100-kyr cycles of the Late Pleistocene. In the same way, the warming events not associated with major deglaciations usually take place at times of apparent interruptions of ice growth or even minor decreases in ice-volume as they usually take place at times of short inversions in the otherwise increasing benthic d
18 O values (Figure 5b ). This pattern of minor global sea level rises is very evident at least during some of the 'so-called Bond cycles' of MIS 3, in which sea level rises on the order of 10 to 30 m have been associated either to the IRD events (Heinrich events) or to the prominent warming events that follow them [Arz et al., 2007; Siddall et al., 2003; Sierro et al., 2009] . A clear exception to this pattern is observed in MIS 27.1, although almost no IRD event is recorded during this period, the warming event is not linked to ice decay but to a short event of rapid ice growth during this substage.
[26] In order to check if these minor episodes of ice sheet retreat are recorded in other North Atlantic benthic oxygen isotope records we compared our benthic isotope record with previously published results from Sites 980 [Raymo et al., 2004] , 983 [Kleiven et al., 2003] , U1308 [Hodell et al., 2008] , and with U1313 for the time interval over which these two records overlap (910-790 ka) [Ferretti et al., 2010] . Figure 3 show the established correlation of the negative oxygen isotope excursions between all Sites, while climate events MIS 30.1 and 21.1 can also be observed in LR04 record despite the lower resolution of these signals. We argue that the 18 O depletions observed at the base of these millennial-scale climate changes can be partially related to low amplitude rises in sea level similarly to those observed during the Bond cycles [Arz et al., 2007; Siddall et al., 2003; Sierro et al., 2009] . However, the regional occurrence of these negative oxygen isotope excursions all over the North Atlantic does not necessarily prove they are caused by ice-volume decreases, since there are no independent records of sea level for this time to test this hypothesis. Instead, we suggest that these 18 O depletions were probably amplified by the deep water hydrographic change. In some cases the magnitude of these negative oxygen isotope anomalies is in the order of 0.7‰ (e.g., MIS 21.5 and 21.1) that is too high to be only associated with icevolume since this would represent eustatic sea level increases of 40-70 m. Consequently, we hypothesize that besides the influence of sea level, millennial-scale changes in benthic d
18 O partially resulted from the influence of southern water masses (LDW) in the North Atlantic basin with different temperature and salinity [Skinner et al., 2003] , or isotopically light water generated by brine formation in the GIN Seas [Dokken and Jansen, 1999; Vidal et al., 1998 ].
Period Between MIS 25 and MIS 19: Higher Amplitude Ice-Volume Changes
[27] It is in MIS 25 when the typical configuration of the 100-kyr glacial cycles is initiated; the first two cycles are recognized in this work from MIS 25 to MIS 22 with a duration of $100-kyr and from MIS 21 to MIS 19 that only lasted $80-kyr (Figure 4b) . Since MIS 25, we observe a positive shift in benthic d
18
O during glacial stages and greater G-IG amplitude variability, generally ascribed to continental ice sheet expansion and to more severe glaciations [Berger et al., 1999; Pisias and Moore, 1981] , and more G-IG contrast in surface water proxies, planktonic d
18 O values and SST, in a way similar to the ice-volume variations [Lisiecki and Raymo, 2005] . The amplitude of G-IG change in planktonic d
18 O and faunal-based SST increased at MIS 25, with shifts of $2.5‰ and $12 C, respectively, and with interglacial temperatures over 16 C at MIS 21 and 19 (Figures 4c and 4d ). We interpret this as a greater northward retreat of the AF to a more northerly position during interglacials than that experienced during the previous time interval. Based on faunal data from sites 980 and 984, and percentage of C 37:4 alkenone from Site 983, several authors documented a similar change in surface water conditions toward higher G-IG contrast after MIS 25 [McClymont et al., 2008; Wright and Flower, 2002] . This greater G-IG variability might have acted as a positive feedback by increasing the latitudinal temperature gradient that drives moisture transport to the high latitudes, and thus promoting the growth of larger ice sheets than in the preceding time interval. The expansion of Northern Hemisphere ice sheets altered the patterns of glacial growth and deglacial decay producing a more asymmetric response. Glacial progressions after MIS 25 are considerably longer than the previous glacial periods due to the new configuration of climate cycles.
[28] We observe an amplification of the magnitude and duration of IRD events after MIS 25 respect to the previous period (Figure 4f ) that correlates with the documented increased IRD deposition along the Norwegian-Greenland margins and Barents Sea after 900 ka [Helmke et al., 2003; Henrich and Baumann, 1994; Jansen et al., 1988; Knies et al., 2009] . The increased abundance of IRD would be attributed to a pronounced ice sheet expansion in the circumAtlantic region, reaching fully development in thickness and height already during the Early Pleistocene [Knies et al., 2009; Sejrup et al., 2000] . Larger ice sheet growth would be consistent with our hypothesis that increased moisture transport to high latitudes after MIS 25 contributed to the development of more extensive ice sheets. Increased northward flow of warmer waters during MIS 25, 21 and 19 increased heat transport to the region (Figure 4d ). Warm water into the GIN Seas would have led to increase evaporation and precipitation, thus providing a positive feedback for ice sheet growth [Hebbeln et al., 1994; Ruddiman and McIntyre, 1979] . This mechanism is compatible with paleoclimatic data and models that assume that ice-volume growth during MPT augmented bed-rock depression, leading to more unstable ice sheets that fully melted during interglacial periods [Clark and Pollard, 1998 ].
Climate Cycle From MIS 25 to MIS 21
[29] Following MIS 25 that marks the onset of this $100 kyr climate cycle, ice sheet growth was only punctuated by some short events of lower ice-volume and a major interglacial at MIS 23.3, but the amplitude of this interglacial period was lower than that recorded during interglacial periods before MIS 25 (Figure 5b) . Consequently, this climate cycle is in fact composed of two obliquity-driven climate cycles with glacial phases at MIS 24 and MIS 22 and the deglaciation of MIS 23.3 probably triggered by the prominent maximum in obliquity at that time (Figure 4a) .
[30] During the pronounced interglacial period at MIS 25 SST remained high at around 14 C for a long period of time spanning between 956 and 935 ka (Figure 4d ). During this time period ice-volume was low or slightly increasing, however, a sharp and prominent cooling of surface waters that changed from 15 to 3 C in only 2 kyr, marks the onset of rapid ice sheet growth as illustrated by the increase in the benthic d
18 O record (Figure 4b ). Accumulation of ice on the continents is clearly linked to a rapid southward migration of the AF at the latitude of Site U1314 and is followed in only a few kiloyears by iceberg discharge.
[31] Three short climate events were recorded during the glacial period of this climate cycle, a short, low amplitude warming event at the transition between MIS 25/24 (MIS 24.1), and two more prominent warming events at MIS 23.3 and MIS 23.1. All three events are paced by $14 ka, and describe same warmer SST-cooling-IRD discharge event related to ice sheet decay events that can be seen in other North Atlantic benthic d
18 O records (Figures 3c-3g ).
Climate Cycle From MIS 21 to MIS 19
[32] This period is characterized by the presence of two prominent warming events at MIS 19 and 21, following the first major expansion of polar ice sheets at MIS 22 [Head and Gibbard, 2005] . This climate cycle starts with an abrupt increase in SST at Termination X that pass from 4 to 14 C in only 6 kyr (MIS 21.7) resulting in a rapid collapse of the ice sheets that is recorded by a pronounced increase in the IRD/g (Figure 4f ). Surface ocean conditions during MIS 21.7 were typical of interglacial maxima of the Late Pleistocene, with low-ice volume and no IRD discharges, which were interrupted at 842 ka with an abrupt shift toward heavier benthic d
18 O values.
[33] During the subsequent section, between substage 21.7 to Termination IX, three prominent millennial-scale climate oscillations, labeled as 21.5, 21.3, 21.1, are recorded in the faunal derived SST, planktonic oxygen isotopes and the benthic oxygen (Figures 4b-4d) . Similarly to that observed in the previous cycles, we observe the same sequence of rapid shifts in temperature that characterizes these millennial climate events (Figures 4b and 4d) . These climate fluctuations correspond with substages MIS 21.5, 21.3, 21.1 first described by Ferretti et al. [2010] (Figure 3g) [Sierro et al., 2009; Skinner et al., 2003] .
[34] The increasing discharge of icebergs during the millennial events seems to support the model results reported by Marshall and Koutnik [2006] . Similarly as it was proposed by previous authors, we interpret increasing IRD content in the sediments reflects the advance of circum-North Atlantic ice sheet margins toward the shelf-break, resulting in high delivery of icebergs due to calving. Increased supply of moisture from low latitudes during equinox insolation maxima [Ferretti et al., 2010] would promote a positive mass balance in the ice sheets with the consequent gradual sea level drop. Similarly to model results, maximum delivery of icebergs is reached immediately after maximum cooling, during the phase of abrupt warming. Marshall and Koutnik [2006] found that peak iceberg flux lags maximum cooling because ice margins kept advancing to the coast 600 years after peak cooling. During the warm phase of the climate oscillations ice margins withdraw from the coast due to ice melting under warmer summer temperatures and no icebergs were delivered to the ocean.
[35] It is worthy to mention that the ice-volume decrease at MIS 21.1 lags obliquity maximum in 6 kyr (Figures 4a and  4b) , which is the assumed lag in obliquity during the Pleistocene [Lisiecki and Raymo, 2005] . However, this event, which is clearly visible in the benthic d
18 O record, is hardly distinguishable in the surface proxies, with only a small increase in SST and a low amplitude decrease in the planktonic d
18 O values (Figures 4c and 4d) . In contrast, a prominent increase in SST and a decrease in the planktonic d
18 O are recorded in MIS 21.3 exactly at the timing of the prominent obliquity maximum. Consequently, an evident lag between maximum temperature at Site U1314 and decreasing ice-volume is recorded in this period, with the temperature changing with obliquity. However, comparing the magnitude of events MIS 21.3 and 21.1 in the other North Atlantic records, we observe that at northern and shallower sites (U1314, 980 and 983), MIS 21.1 is greater than MIS 21.3 (Figures 3c-3e ), while at southern and deeper sites (U1308 and U1313) they are similar (Figures 3f and 3g ). This could be related to some hydrographic change restricted to the depths and latitudes of the sites U1314, 980 and 983.
Origin of the Millennial-Scale Climate Changes
[36] As observed in Figure 6 spectral power in the sea surface proxies, SST, IRD and planktonic d 18 O, is mainly concentrated on the 10-kyr periodicity, whereas global icevolume as recorded by the benthic d 18 O records shows dominant periods at around 20 and 40 kyr. It is important to note the similarity between the timing of these events at Site U1314 and the millennial-scale variability of massive ice discharges seen in the Late Pleistocene sediments [e.g., Bond et al., 1993; Heinrich, 1988; McManus et al., 1999] . One might expect that these high-frequencies did not appear at older sedimentary sequences, owing to the smaller size of the Northern Hemisphere ice sheets, however, an increasing number of marine and terrestrial records at mid-and-high latitudes contain such precessional periodicity and its harmonics during the Early and Mid-Pleistocene [Bartoli et al., 2006; Grützner and Higgins, 2010; Ortiz et al., 1999; Raymo et al., 1998; Wara et al., 2000; Weirauch et al., 2008] and during the Pliocene [Becker et al., 2005; Larrasoaña et al., 2003; Niemitz and Billups, 2005; Steenbrink et al., 2003; Willis et al., 1999] , evidencing that continental ice sheets have oscillated in a similar manner in both the 41-kyr and 100-kyr worlds. Hence, the climatic variability represented by surface proxies at Site U1314 might be driven by some component of the system that is consistent throughout the Pleistocene, well before the Northern Hemisphere Glaciation (NHG).
[37] The 23-kyr rhythm and its harmonics are very strong in low latitudes up to 40 N, with power diminishing northward [Ruddiman and McIntyre, 1981; Ruddiman and McIntyre, 1984] . The precessional-related cyclicity is present in different features of surface oceanography at lowlatitudes, including primary productivity proxies and changes in wind intensity related to monsoonal variability [McIntyre and Molfino, 1996; McIntyre et al., 1989; Molfino and McIntyre, 1990] . The most accepted mechanism that originates this frequency bands at low-latitudes is an external climate forcing attributed to the twice-yearly passage of the sun across the equator during each precession cycle [Short et al., 1991] , that generates a signal of half the precession period at the equator. Direct consequence of this process would be the enhanced transport of heat and moisture supply via oceanic and atmospheric circulation from equatorial latitudes to the higher latitudes of the North Atlantic. This mechanism has been invoked to explain the presence of the 10-kyr cycles in oceanic sediments from mid-and-high latitudes in the North Atlantic [Ferretti et al., 2010; Hagelberg et al., 1994; McIntyre and Molfino, 1996; Weirauch et al., 2008] .
[38] The observation of a prominent 10-kyr variability in our planktonic d
18 O, SST and IRD/g record with each equinox at Equator between MIS 31 and MIS 25 (Figures 5a and 5c-5e) led us to speculate that changes in insolation at low latitudes may be responsible for the oceanographic and ice sheet events described in this study. During both equinoxes insolation maxima at equator, the latitudinal gradient between 65 N and 0 N reaches the maximum values, leading to higher atmospheric contrast between high and low latitudes, and thus intensifying atmospheric circulation that results, in turn, in enhanced meridional moisture flux. A higher transport of warm water to the polar regions of the northern hemisphere increases the ice-ocean moisture gradient and accelerates ice sheet growth, and consequently, the larger the ice sheet, the more sensitive it becomes to that excess accumulation. This will result in enhanced ice sheet calving associated to the rapid advance of the ice margins to the coast or the shelf-break [Marshall and Koutnik, 2006] . Although speculative, this mechanism would relate the major ice-rafting pulses and surface-deep ocean dynamics to an external forcing originated at low-latitudes.
[39] Sub-Milankovitch variability in the SST estimates ranges from 15 to 10-kyr (Figures 6b and 6c) . The longer of these periodicities (15-kyr) did not achieve the 99% of significance in our records. Interpretation of this frequency band of climatic variability outside the direct orbital forcing band may be tentatively explained in terms of the climatic system's nonlinear response to variations in the insolation. Power at 15-kyr could arise as a roughly combination tones of the obliquity and precession frequencies found in the insolation parameters [Berger and Pestiaux, 1984; Yiou et al., 1994] . Hence, the lack of a definite physical interpretation to interpret this signal suggests the need for caution when interpreting the 15-kyr peak as a potential suborbital cyclicity. Additional work is needed to replicate this observation in other records and/or analysis with other spectral methodologies.
[40] The benthic d 18 O record is controlled by the 40-kyr cycle of obliquity and the 20-kyr cycle of precession, whereas a direct influence of the half-precession is notably absent (Figure 6f ). This is in contrast to the spectral characteristics of the surface water proxies records (planktonic d 18 O, SST and IRD/g) for the same time interval. The change in benthic d 18 O on both obliquity and precession time scales are interpreted to reflect the direct influence of astronomical induced insolation changes on the North Atlantic ice-volume [Berger et al., 1999; Hays et al., 1976] . The absence of a clear half-precession signal in benthic d
18 O record of Site U1314 confirms that this record is not significantly altered by changes in the properties and volume of the inflowing Atlantic surface waters and/or moisture transport to high latitudes, but dominated by global-scale G-IG variations.
Conclusions
[41] The high-resolution records at IODP Site U1314 between 1069 and 779 ka provide new insights on the millennial-scale climate variability of the North Atlantic and its impact into circum-Atlantic ice sheets dynamics during the MPT. Cool surface waters but moderate ice-volume characterized the older time-slice (MIS 31-26). The reconstruction of SST through the study of planktonic foraminifer assemblages revealed the occurrence of millennial-scale climate oscillations typically associated to the periods of ice sheet growth. These climate fluctuations are characterized by phases of gradual cooling and enhanced iceberg discharge and culminate with an abrupt warming event. Peaks of maximum IRD content are always linked to maximum cooling of surface waters or the ensuing warming event, supporting recent climate models [Marshall and Koutnik, 2006] . Consequently we associated IRD peaks and the iceberg discharges that caused them with episodes of circumAtlantic ice sheets advance toward the coastline at times of maximum cooling. The lower benthic d
18 O values usually observed at the times of IRD events and the ensuing warming events may be related to low amplitude sea level rises due to ice sheets retreats, to deep water warming or to a higher influence of the low d
18 O southern deep water. Moreover, our IRD data support the hypothesis that the MPT represents a fundamental change in ice sheet dynamics that is consistent with the growth of thicker, more unstable ice sheets that fully melted during interglacial periods [Clark and Pollard, 1998 ].
[42] IRD, SST and planktonic d
18
O time series analysis show a significant concentration of variability at periods of half-precessional cycles (10-kyr), and IRD and planktonic d
18 O also at precessional cycles (23-kyr). The timing and structure of these events suggest that ice surges might be induced by latitudinal export of equatorial insolation forcing to high-latitudes via tropical convective process, either atmospheric or oceanic.
[43] In conclusion, our study outlines the importance of latitudinal energy and moisture gradients and atmosphereocean-cryosphere feedback mechanisms to generating and transporting this millennial-scale climate variability globally. Their occurrence at times before the intensification of the NHG evidence that they acted independently of the ice accumulated in continental glaciers. The 15-kyr peak in the SST spectra may indicate the existence of nonlinear response to variations in the insolation. The lack of evidence of 10-kyr periodicity in the benthic d
18 O signal indicates that these high-frequency climate oscillations are only related to surface water proxies.
